Introduction {#sec1}
============

Human type II topoisomerases (TopoII) undo DNA tangles and remove knots from the double helix during vital processes such as DNA repair and replication.^[@ref1]−[@ref5]^ To do so, TopoII generates double-stranded (ds) breaks in the genetic material in a metal ion-dependent reaction,^[@ref6]−[@ref9]^ forming a transient TopoII/DNA cleavage complex.^[@ref4],[@ref8],[@ref10],[@ref11]^ Importantly, this complex is targeted and trapped by clinical anticancer drugs (i.e., TopoII poisons).^[@ref12]−[@ref23]^ For example, etoposide is a chemotherapy agent that acts by targeting the cleavage complex ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) and inhibiting DNA religation. This leads to the accumulation of DNA breaks, which ultimately ends with the death of (cancerous) cells.^[@ref1],[@ref21],[@ref24]−[@ref27]^ Etoposide is effective against a wide spectrum of cancers, including lymphoma, lung tumors, and ovarian tumors.^[@ref28]−[@ref30]^

![Ternary TopoII/DNA/etoposide complex (right). Close view of the two binding sites of etoposide inserted into the DNA strand.](ci9b00605_0001){#fig1}

Two isoforms of TopoII exist in humans: TopoIIα and TopoIIβ. The two isoforms have distinct cellular roles and expression patterns.^[@ref31]^ TopoIIα is essential for the survival of proliferating cells and is required for chromosome segregation.^[@ref4],[@ref32]−[@ref35]^ It is needed in growth-related cellular processes and has a proliferation-dependent expression.^[@ref33]−[@ref35]^ In contrast, TopoIIβ plays a role in transcription, and its cellular levels are independent of proliferation status.^[@ref32],[@ref33],[@ref36]−[@ref39]^ Indeed, TopoIIβ is expendable at the cellular level and cannot compensate for the loss of TopoIIα in human cells.^[@ref4],[@ref32],[@ref33]^

To date, all clinical TopoII poisons are nonspecific with regard to TopoIIα and TopoIIβ and affect the DNA cleavage activity of both isoforms.^[@ref1],[@ref34],[@ref40]−[@ref45]^ However, the contribution of each isoform to the therapeutic effects of drugs is not well understood.^[@ref40],[@ref46]−[@ref48]^ In this regard, both cellular and *in vivo* studies suggest that TopoIIβ is primarily responsible for generating the breaks in the mixed lineage leukemia (*MLL*) gene that initiate the acute myelogenous leukemias that are associated with etoposide treatment.^[@ref21],[@ref35],[@ref49]^ Strong support for this hypothesis comes from studies with a skin carcinogenesis model, where the incidence of secondary malignancies was curtailed in a TopoIIβ-knockout mouse.^[@ref50]^ Further, TopoIIβ was also related to etoposide-induced DNA sequence rearrangements and double-strand breaks in a murine cell model.^[@ref50]^ In another experiment, TopoIIβ was shown to stimulate the majority of *MLL* breaks generated by etoposide, as well as the genotoxic effects of the drug.^[@ref49],[@ref51]^

Taken together, these results suggested that TopoIIα-specific poisoning might help mitigate the side effects observed with nonspecific TopoII drugs.^[@ref51]−[@ref55]^ However, it is difficult to rationally design selective TopoIIα inhibitors because the two isoforms are 68% identical to each other.^[@ref56]−[@ref58]^ Furthermore, the catalytic sites of the enzymes share approximately 78% identity, differing only in two amino acids (i.e., Met762 and Ser763 in TopoIIα, respectively, changed to Gln778 and Ala779 in TopoIIβ; [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Of these residues, Gln778 is a good interaction site for targeting TopoIIβ via H-bonds formed with basic amines of polyamine-containing etoposide derivatives.^[@ref56],[@ref59]−[@ref61]^ However, etoposide has a sugar moiety instead of a polyamine tail.^[@ref62]^ Hence, it cannot engage Gln778(β) for binding. Consequently, it exhibits a slight preference for TopoIIα. In this regard, we recently used DNA cleavage assays to demonstrate that etoposide generates more cleavage complex in TopoIIα than in TopIIβ (approximately 4-fold difference: TopoIIα vs TopIIβ).^[@ref59]^ We also measured the persistence of cleavage complexes (half-life) by assessing the loss of double-strand breaks following dilution of cleavage complexes. We found that the cleavage complex formed by etoposide persisted much longer in TopoIIα (\>150 min; 100 μM etoposide) than in TopoIIβ (56.5 min; 50 μM etoposide). This finding suggests that there are additional stabilizing interactions of etoposide in the DNA cleavage site of TopoIIα.^[@ref59]^ In earlier experiments, Bandele and Osheroff measured the persistence of TopoII(α/β) cleavage complexes following the removal of etoposide from cultured human T lymphoblastic leukemia cells. The half-life of the cleavage complex formed by etoposide was approximately 120 and 25 min for TopoIIα and TopoIIβ, respectively.^[@ref63]^ Importantly, the prolonged persistence of the TopoIIα/DNA/etoposide cleavage complex correlated with greater cell kill.

![Etoposide binding site in TopoII. The active site residues are depicted in gray (ball and stick with TopoIIα residues in red).](ci9b00605_0002){#fig2}

The crystal structures of cleavage complexes formed by both TopoII isoforms in the presence of etoposide were solved recently.^[@ref64],[@ref65]^ These new data represent the optimal starting point for computational simulations to elucidate the structural difference between the two isoforms complexed with etoposide and provide a rational approach of how to specifically target TopoIIα.^[@ref9]^ Here, we present extended classical molecular dynamics (MD) simulations to comparatively examine drug-target interactions in the ternary TopoII(α/β)/DNA/etoposide cleavage complex. We also used smoothed potential MD to investigate the dissociation kinetics of etoposide from the two isoform metal-aided complexes.^[@ref66],[@ref67]^ Results have identified specific interaction points for drug binding and unbinding in TopoIIα vs TopoIIβ, including Ser800 in TopoIIα (Alanine 816 in TopoIIβ), which sits approximately 20 Å from the DNA cleavage active site.^[@ref68]^

Methods {#sec2}
=======

Structural Models {#sec2.1}
-----------------

The structures of the α and β isoforms of the human TopoII(α/β)/DNA/etoposide ternary complex were taken from PDB entries 5GWK and 3QX3, respectively.^[@ref64],[@ref65]^ Missing loops in the homodimeric protein structures were reconstructed with the Schrödinger2017 suite.^[@ref69]^ The protein component of each complex was assigned parameters from the AMBER force field ff99SB^[@ref70]^ with ff99Bildn^[@ref71]^ modifications. The Parmbsc1^[@ref72]^ force field was adopted for DNA. Ligand (etoposide) parameters were generated using GAFF2 with restrained electrostatic potential (RESP) atomic charges.^[@ref73]^ Each complex was centered in a rhombic dodecahedral simulation cell with a minimum box-solute distance of 1.0 nm. The unit cell was then filled with TIP3P water^[@ref74]^ and Na^+^ counterions sufficient to neutralize the net charge on each complex. All ionizable amino acids were assigned their protonation state at pH 7.4 according to p*K*~a~ predictions by the H++ server,^[@ref75]^ except the aspartic acid residues that coordinate Mg^2+^ ions in each active site. For these residues, after calculating the charge on the Mg ions via quantum mechanical calculations, the residual charge was distributed over the oxygen atoms of the anionic amino acid residues.^[@ref76]^

Classical MD Simulations {#sec2.2}
------------------------

The structural models prepared for the two TopoII isoforms were used for MD simulations with GROMACS version 5.1.^[@ref77]^ All bonds were constrained using the P-LINCS algorithm, with an integration time step of 2 fs. The Verlet cutoff scheme was used with a minimum cutoff of 1.0 nm for short-range Lennard-Jones interactions and the real-space contribution to the smooth particle mesh Ewald algorithm, which was used to compute long-range electrostatic interactions. Dispersion correction was applied to energy and pressure terms. Periodic boundary conditions were applied in all three dimensions. Each system was equilibrated in two phases, during which restraints were placed on protein and DNA heavy atoms. The first equilibration was done under an NVT ensemble for 100 ps, using a weak coupling algorithm with stochastic rescaling, to maintain the temperature at 310 K. The NVT equilibration was followed by NPT equilibration for 100 ps using the same thermostat and the Parrinello--Rahman barostat to maintain pressure at 1 bar. Production simulations were carried out under an NPT ensemble in the absence of any restraints. Three independent unbiased simulations of approximately 500 ns for each model were accumulated for a total of 3 μs of sampling. The analysis was carried out using programs within the GROMACS package.

Smoothed Potential MD Simulations for Dissociation Kinetics {#sec2.3}
-----------------------------------------------------------

Smoothed potential MD is a multiple-replica scaled molecular dynamics protocol developed to cost effectively rank congeneric drug (or drug-like) compounds based on their computed residence times.^[@ref66]^ This enhanced sampling method is used here to simulate and accelerate, using scaled potentials, ligand unbinding events from protein--ligand systems. The main stabilizing interactions of the ligand within a protein are broken under scaled potential energy, which facilitates ligand unbinding. In this way, smoothed potential MD can help to decipher mechanistic details for ligand unbinding, especially in the vicinity of the target--ligand bound state.^[@ref66]^

We employed this enhanced sampling technique to uncover the differences between the unbinding of etoposide from TopoIIα and TopoIIβ. The equilibrated structures for each complex (TopoII(α/β)/DNA/etoposide) were used to perform a series of 32 partially unrestrained smoothed potential MD^[@ref66]^ production runs for each ligand. As each isoform TopoII structure contains two symmetric binding sites (thus, containing two etoposide molecules, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), a total of 64 simulations were performed for each isoform (hence, a total number of 128 simulations were performed). For each replica of smoothed potential MD, we considered the unbinding of one single etoposide molecule at a time (i.e., the second bound etoposide was restrained at the catalytic site). The smoothed potential MD simulations were stopped when one etoposide molecule was fully unbound. This was defined as the instant when the etoposide molecule ceased to interact with the binding site (i.e., no contacts with the target protein, with etoposide fully immersed in the bulk solvent approximately 30 Å from the catalytic site). Harmonic restraints were used to accelerate the unbinding event while preserving the native TopoII structure.^[@ref66]^ That is, a set of weak restraints (50 kJ mol^--1^ nm^--1^) was applied on the protein backbone heavy atoms, with the exception of residues with at least one atom within 8 Å of the ligand (heavy atoms).^[@ref66]^ Initial simulations were performed with the scaling factor varying from 0.6 to 0.3, as recommended by Mollica et al.^[@ref66]^ and performed using BiKi Life Sciences.^[@ref78]^ We found that a value of λ = 0.4 was the best compromise between a reasonable CPU time and computed ligand-unbinding times.

Results and Discussion {#sec3}
======================

First, we investigated the stability and dynamics of the ternary TopoII(α/β)/DNA/etoposide via classical MD simulations.^[@ref79]^ Three approximately 500 ns-long simulations were performed for each of the TopoII/DNA/etoposide ternary complexes (TopoIIα and TopoIIβ), resulting in a total of approximately 3 μs of dynamics. The convergence of all trajectories and the stability of the system were assessed by monitoring the root-mean-square deviations (RMSD) over time ([Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.9b00605/suppl_file/ci9b00605_si_001.pdf)).

More Compact Cleavage Site in TopoIIα/DNA/Etoposide Complex {#sec3.1}
-----------------------------------------------------------

From our MD simulations, we observed that etoposide makes, on average, closer contacts with the surrounding residues in TopoIIα, compared to TopoIIβ.^[@ref65]^ This is reported in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, which shows the frequency plots of the interaction distance between etoposide and key surrounding residues (i.e., Asp463α/Asp479β, Leu486α/Leu502β, and Met762α/Gln778β; plots for Gly462α/ Gly478β, Arg487α/Arg503β, Ser763α/Ala779β, and Met766α/Met782β in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.9b00605/suppl_file/ci9b00605_si_001.pdf)) in the DNA cleavage active site.^[@ref80],[@ref81]^ Interestingly, a previous analysis by Griffith and co-workers demonstrated that Thr468α/Ser483β, Met762α/Gln778β, Ser763α/Ala779β, Ile769α/Val785β, and Ser800α/Ala816β are located in the extended vicinity of the binding pocket, which are not conserved between the two isoforms.^[@ref82]^ Of these residues, Met762α/Gln778β, Ser763α/Ala779β, and Ser800α/Ala816β changes may maximize differences in drug binding, given the nature of the amino acids in the two isoforms. In fact, the Thr468α/Ser483β change conserves the ability to form the hydrogen bond, while the Ile769α/Val785β maintains the apolar character of the amino acid in both isoforms. In contrast, the Met762α/Gln778β mutation alters the chemical nature of the amino acid residue from a hydrophobic methionine to a polar glutamine. Also, in the other two changes (serine to alanine), the potential for hydrogen bond interactions is lost in TopoIIβ. For these reasons, the amino acid alterations in the two isoforms form a different interaction network, which may be relevant to attaining TopoIIα specificity.

![Plots of the distance between the center of mass (COM) of the etoposide E-ring and COM of Asp463α and Asp479β, Leu486α and Leu502β, and COM of the etoposide sugar moiety and COM of Ser800α and Ala816β, and Met762α and Gln778β, which reflect an enhanced compactness of the active site of the TopoIIα isoform ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). In the frequency plots, the *x*-axis indicates the distance of the residues to the ligand. Dashed lines show the corresponding distance in the crystal structure (red, TopoIIα; black, TopoIIβ). For clarity, the plots are shown for four of the ten analyzed residues. These four residues are methionine/glutamine (M762α/Q778β), serine/alanine (S800α/A816β), aspartate (D463α/D479β), and leucine (L486α/L502β). These are chosen in such a way that two of the amino acids are selected from the three known mutations. The residue selection also ensures that interactions with different fragments of the bound ligand are considered. In fact, Ser800α/Ala816β and Met762α/Gln778β are near the sugar moiety of etoposide, whereas Asp463α/Asp479 and Leu486α/Leu502β interact with the E-ring of the drug molecules. The plots of Gly462α/Gly478β, Thr467α/Ser483β, Met766α/Met782β, Ser763α/Ala779β, Ile769α/Val785β, and Arg487α/Arg503β are reported in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.9b00605/suppl_file/ci9b00605_si_001.pdf).](ci9b00605_0003){#fig3}

First, we noted that in the TopoIIα crystal structure (PDB 5GWK) the distance between the center of mass of Asp463, Leu486, and the E-ring of etoposide ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) is 5.1 and 6.6 Å, respectively. The corresponding distances in TopoIIβ (PDB 3QX3) are slightly longer, at 5.9 and 7.1 Å (Asp479 and Leu502), respectively ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). In TopoIIα, the distance between residues Met762 and Ser800 and the sugar moiety of etoposide is 5.8 and 11.9 Å, respectively. This distance becomes 6.8 and 12.4 Å for the corresponding residues in TopoIIβ (i.e., Gln778 and Ala816, respectively). In our MD simulations ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), the most frequent interaction distance between the drug and these specific amino acids is maintained close to these experimental values. We further noted that the TopoIIα residues consistently maintained the general trend of making slightly shorter interactions with etoposide, in comparison to the same interactions in TopoIIβ. This difference between pairs of residues in the two isoforms is minimal for the conserved residues, namely, Asp463α (4.7 ± 0.4 Å)/Asp479β (5.6 ± 0.4 Å) and Arg487α (3.8 ± 0.2 Å)/Arg503β (4.2 ± 0.3 Å). In contrast, the difference increases for the nonconserved residues, namely, Ser800α (11.2 ± 0.7 Å)/Ala816 (13.9 ± 0.6 Å) and Met762α (5.0 ± 0.6 Å)/Gln778β (7.6 ± 0.7 Å). Conserved residues thus seem to form an interaction framework that has been preserved in the two isoforms.

The H-bond formed between the carboxyl group of the aspartate residues (Asp463α/Asp479β) and the E-ring hydroxyl group in etoposide is known to be important for drug binding.^[@ref65]^ In this respect, in our MD simulations, the OH (E-ring of etoposide)--COO^--^(aspartate) H-bond is maintained for about 71% and 73% of the simulation time for Asp463α and Asp479β, respectively, restraining the motion of the residue side chain. This is further reflected by the narrow distribution of the distance values in the frequency plot for the pair Asp463α/Asp479β, which are residues that are stabilized by this specific H-bond interaction ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). For the two isoforms, we also compared the distance between the center of mass of these aspartates and that of the E-ring of etoposide. In TopoIIα, this distance varies between approximately 4.0 and approximately 5.0 Å. In TopoIIβ, this distance varies between 5.0 and 6.6 Å. This further demonstrates the relevance of this drug-target interaction in locking etoposide at the cleavage site.

Similarly, the key arginines (Arg487α/Arg503β) known to form favorable interactions with etoposide^[@ref65]^ remain in closer contact with the drug molecule in both TopoIIα (i.e., Arg487 at 3.8 ± 0.2 Å) and TopoIIβ (i.e., Arg503 at 4.2 ± 0.3 Å) ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.9b00605/suppl_file/ci9b00605_si_001.pdf)). Interestingly, this key arginine residue forms a number of interactions with several fragments of etoposide (A-, B-, E-rings).^[@ref65]^ Gly462α/Gly478β and Leu486α/Leu502β are two other conserved amino acids that interact with the E-ring of etoposide ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). However, these residues form slightly shorter interactions in TopoIIα (at approximately 6.0 ± 0.3 Å) than in TopoIIβ (at 7.6 ± 0.4 Å). Notably, the H-bonding and van der Waals interactions between the glycosidic group of etoposide and the TopoIIβ binding site (Gln778β and Met782β) are reported to be less extensive than those with the E-ring.^[@ref65],[@ref83]^ In our MD simulations, this seems to be reflected by the wider distribution for the etoposide glycosidic group interactions with both Met762α/Gln778β and Met766α/Met782β. Still, M762α is approximately 2.1 Å closer to the etoposide sugar moiety, relative to the corresponding Gln778 in TopoIIβ. In addition, Met766α is at 6.8 ± 0.3 Å, which is at a closer distance than Met782β (at 7.9 ± 0.3 Å in TopoIIβ). Notably, from our MD trajectories, this analysis was performed on both drug binding sites within the two isoforms, indicating that amino acid residues in the surroundings of the cleavage site are always closer to etoposide in TopoIIα than in TopoIIβ.

Hence, despite the similarities between the active sites of the two TopoII isoforms, etoposide seems to elicit a slightly different structural response from the cleavage site upon binding and complexation. The more compact active site in TopoIIα might cause a greater barrier for drug dissociation. In this respect, we have previously shown that the DNA cleavage complex in TopoIIα has enhanced persistence compared to TopoIIβ.^[@ref59]^ The half-life of the TopoIIα cleavage complex is at least 3 times longer than that formed with the β isoform. Taken together, both the experimental evidence and our classical MD simulations point to a difference in the drug dissociation kinetics in the two TopoII isoforms. To elucidate this difference, we continued our study by performing smoothed potential MD simulations for both isoforms.^[@ref66]^

Pathways and Relative Kinetics for Etoposide Dissociation from TopoII Isoforms {#sec3.2}
------------------------------------------------------------------------------

To evaluate the dissociation kinetics of etoposide from the α and β isoforms of TopoII, we used a multiple-replica smoothed potential MD protocol.^[@ref66]^ The crystal structure exhibits minor differences between the two cleavage sites located in each TopoII complex ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.9b00605/suppl_file/ci9b00605_si_001.pdf), [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.9b00605/suppl_file/ci9b00605_si_001.pdf)) However, for completeness, smoothed potential MD simulations were performed independently for both cleavage sites in both TopoII isoforms. Please note that the computed residence time relates to single dissociation events. We calculated the average dissociation time over both sites (including all single unbinding events) for a qualitative comparison of residence times and possible mechanisms that might occur during drug unbinding ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).

###### Summary of Computed Unbinding Times for Etoposide from Two Topoisomerase Isoforms[a](#tbl1-fn1){ref-type="table-fn"}

                                                              TopoIIα      TopoIIβ                   
  ----------------------------------------------------------- ------------ ------------ ------------ ------------
  Avg. unbinding time \[*t*~r~± σ~e~ (ns)\]                   75.4 ± 7.6   98.8 ± 8.6   34.0 ± 2.7   64.6 ± 7.0
  Avg. unbinding time over both sites \[*t*~r~± σ~e~ (ns)\]   87.1 ± 8.1   87.1 ± 8.1   49.3 ± 4.8   49.3 ± 4.8
  Total smulation time (μs)                                   2.6          3.3          1.25         2.1

Computational unbinding (dissociation) times averaged over replicas are reported in nanoseconds. The unbinding times are shown together with the standard error of mean over a sample size of 32 simulations (of several tens of ns) for both Site1 and Site2 in both TopoII isoforms.

The total simulation time collected for a set of 64 runs each of TopoIIα and TopoIIβ is approximately 5.9 μs and approximately 3.4 μs, respectively ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The longer simulation time accumulated for TopoIIα reflects the delayed unbinding of etoposide from this isoform compared to TopoIIβ. In fact, the average computed dissociation times over both sites are 87.1 ± 8.1 and 49.3 ± 4.8 ns for TopoIIα and TopoIIβ, respectively. These values are in qualitative agreement with the experimental difference in the overall persistence of the etoposide-stabilized cleavage complex, which lasts 3-fold longer in TopoIIα than in TopoIIβ.^[@ref59]^ Notably, these values are averaged over two etoposide dissociation events, each from one of the two cleavage sites in TopoII. The difference in residence time between the two sites within the same isoform (Site1 vs Site 2) may be due to minor structural variance. However, the difference in residence time suggests a dissimilar stabilization of DNA cleavage at the two scissile bonds in each TopoII isoform, which should be further investigated. It would be interesting to connect the observed variability in residence time among isoforms (and between each site of a given isoform) with the experimental evidence that compared to TopoIIα, TopoIIβ has a higher ratio of double-strand (ds) over single-strand (ss) breaks in DNA formed by etoposide.^[@ref59]^ This mechanistic aspect, however, deserves further investigations.

To better elucidate the origin of the difference in the dissociation times of etoposide from TopoIIα and TopoIIβ, we examined each unbinding event. We determined three distinct unbinding pathways of etoposide from TopoII, which were consistently present in both isoforms, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. From the unbinding trajectories (see for an example [Movie S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.9b00605/suppl_file/ci9b00605_si_002.mp4)), we noted that the drug makes transient interactions with several amino acids while escaping from the cleavage site. In order to identify the key residues influencing the unbinding times between the two TopoII isoforms, the interactions of all these residues (Asp463α/Asp479β, Leu486α/Leu502β, Met762α/Gln778β, Gly462α/Gly478β, Arg487α/Arg503β, Ser763α/Ala779β, Met766α/Met782β, Thr468α/Ser483β, Met762α/Gln778β, Ser763α/Ala779β, Ile769α/Val785β, and Ser800α/Ala816β) with both isoforms are plotted in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}.^[@ref84]^ Of these, we identified those that seem to most strongly affect the etoposide dissociation kinetics in the two isoforms, as discussed in detail in the following section.

![Possible unbinding pathways of etoposide from human Topoisomerase II. Below mode: Etoposide unbinds via the C-gate of TopoII. Center mode: Etoposide unbinds through the dimer intersection. Side mode: Unbinding occurs from the side of the monomer to which the drug molecule is bound. The modes are defined based on the direction of unbinding, relative to the enzyme structure. Color Code: DNA (pink), TopoII (white), Etoposide (blue); black arrows show the direction of unbinding.](ci9b00605_0004){#fig4}

![Barcode graph of the interaction of key residues with etoposide, while etoposide unbinds from TopoIIα and TopoIIβ.](ci9b00605_0005){#fig5}

Ser763 and Ser800 Residues Hinder Etoposide Dissociation from the TopoIIα Isoform {#sec3.3}
---------------------------------------------------------------------------------

The objective of this work is to discern how the structural differences between TopoIIα and TopoIIβ can be harnessed to develop isoform-specific drugs. Hence, we first inspected the interactions of etoposide with the three amino acids that differ between TopoIIα (Met762, Ser763, and Ser800) and TopoIIβ (Gln778, Ala779, and Ala816). [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows the fluctuations in distances between these residues and etoposide during unbinding. For example, H-bond interactions with these residues are formed more frequently in TopoIIα than in TopoIIβ. However, none of these amino acid changes (Met762, Ser763, and Ser800) in the TopoIIα active site exhibit short electrostatic interactions with the drug in the crystal structure.^[@ref65],[@ref80],[@ref81]^ In contrast, our simulations indicate that as the ligand strives to leave, each of these residues transiently forms H-bond interactions with the drug molecule. For example, [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} shows representative snapshots that reveal how during unbinding, short H-bonds (1.5--2.5 Å) are formed by etoposide with the side chain of these residues. In particular, the hydroxyl group of Ser763 and sulfur in Met762 tightly interacts with the etoposide sugar moiety in TopoIIα. These interactions likely contribute to the stabilization of the drug-target complex, thus prolonging the residence time.

![Interaction (H-bond) of amino acid residues in TopoIIα/β with etoposide during unbinding from each of the two isoforms.](ci9b00605_0006){#fig6}

![Stabilizing interactions formed during the etoposide unbinding with (A) Met762α, (B) Ser763α, and (C) and (D) Ser800α in the TopoIIα isoform and with (E) Gln778β in the TopoIIβ isoform, mutated to Met762 in TopoIIα.](ci9b00605_0007){#fig7}

The corresponding residue of Ser763 in human TopoIIα is Ser83 in *Escherichia coli* gyrA, which is located along the α4 helix region. Interestingly, this residue has been associated with quinolone resistance (structural comparison and sequence alignment in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). Indeed, Ser83 is one of the most frequently mutated residues in strains with high levels of quinolone resistance.^[@ref85]^ Moreover, the mutation of Ser83Trp in gyrA considerably reduces ciprofloxacin binding in comparison to the wild-type protein.^[@ref86],[@ref87]^ Changing the corresponding residue in *Saccharomyces cerevisiae* (*S. cerevisiae*, Ser740) leads to resistance to the inhibitor CP-115,953 and hypersensitivity to etoposide.^[@ref87]−[@ref89]^ However, Pommier and co-workers have further shown that Ser740 in *S. cerevisiae* TopoII is required not only for forming favorable drug interactions but also for DNA binding (needed for TopoII function).^[@ref90]^ It remains to be seen if this residue can act as an effective anchor point for developing specific drugs to target TopoIIα.

![α2−α4 helix region indicates the breakage/cleavage domain of human TopoII (blue) and the corresponding domain in *E. coli* (green) and *S. cerevisiae* (pink). The residue Ser763α human TopoII (corresponding to Ser83 in *E. coli* and Ser740 in *S. cerevisiae*) is represented in licorice. Quinoline resistance in *Ec*GyrA has been attributed to Ser83 mutations. S740W in *Sc*TopoII has been shown to be hypersensitive to etoposide and resistant to CP-115,953.^[@ref93]^](ci9b00605_0008){#fig8}

Beyond the alterations in the cleavage site, we also noted the transient interactions with S800 during drug unbinding in TopoIIα. This serine residue (Ser800α/Ala816β) sits quite far from etoposide at the DNA cleavage active site. Still, we found short and transient interactions between etoposide, on its way out of the cleavage site, and Ser800 ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Indeed, as the ligand attempts to leave the enzyme pocket at the cleavage site, the hydroxyl group of Ser800 anchors etoposide to TopoII via multiple H-bonds with its glycosidic moiety (2.2--3.0 Å, [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, lower panel). Ser800 also interacts with the D- and E-rings of etoposide, forming H-bonds of 1.6--2.5 and 1.9--2.5 Å, respectively ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). At times, the drug molecule flips in order to break the interactions formed by the sugar moiety. However, even in these events, etoposide is trapped by the multiple possible interactions formed with Ser800. Taken together, our simulations and analyses show that the three main points (residues) of difference in TopoIIα (i.e., Met762, Ser763, and Ser800) play a role in keeping the drug molecule in contact with the enzyme, although some of these residues are not located close to the cleavage site.

Notably, as shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, *E. coli* gyrase has a serine (Ser116) in the same position of Ser800 in *human* TopoIIα, which might also be relevant for the drug binding/unbinding in the bacterial enzyme. To the best of our knowledge, mutations of this residue have not been reported to generate resistance to the drug (as, for example, Arg487 and Glu495 are reported to give rise to etoposide resistance in small-cell lung cancer patients).^[@ref91],[@ref92]^ We thus hypothesize Ser800 as a possible anchor point for favorable drug-target interactions.

![Region of human TopoII (Hs TopoIIα, blue) containing Ser800 and the corresponding domain in *E. coli* gyrase (EcGyrA, green) (corresponding to Ser800 in human TopoIIα and Ser116 in *E. coli*) is represented in licorice. This serine residue, located along these structure motifs, forms transient H-bond interactions during our smoothed potential MD unbinding trajectories. A short sequence alignment of human TopoIIα and EcGyrA is also reported to indicate the conservation of this serine residue.](ci9b00605_0009){#fig9}

Of the three amino acid changes in TopoIIβ, Gln778, Ala779, and Ala816, only Gln778 contributes to securing the drug molecule within the active site ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}E). The amide group of Gln778 interacts with the etoposide D-ring, strengthening drug binding to the enzyme. In fact, in our simulations, the distance between the center of mass of etoposide and Gln778 fluctuates around 5 Å ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) during the first approximately 10 ns of simulations. Here, the Gln778 side chain forms H-bonds (1.6--2.5 Å) with the D-ring oxygen atom of etoposide. However, after the first approximately 10 ns, no further H-bonds are formed by Gln778 with etoposide. In accordance with this, the interaction distance between Gln778 and etoposide increases continuously, reaching approximately 20 Å within the next approximately 10 ns ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). We also note that Gln778 in TopoIIβ interacts only with the D-ring. This is in contrast to Ser800 in TopoIIα, which interacts with the D-ring, E-ring, and the glycosidic group of etoposide. Hence, as soon as etoposide flips and finds an opportunity to break the D-ring/Gln778 H-bond, it smoothly leaves the enzyme. Also, unlike Ser763 and Ser800 in TopoIIα, Ala779 and Ala816 in TopoIIβ have a side chain (methyl group) that is unable to form H-bonds. Hence, in TopoIIα, Ser763 and Ser800 could contribute to anchoring the drug molecule to the protein in our simulations, while these drug--target interactions are missing in TopoIIβ. Based on these results, we propose these residues as potential new interaction points for targeting and developing TopoIIα-specific drugs.

Conclusions {#sec4}
===========

Poisoning of human TopoII has been harnessed for decades as an effective strategy against a wide variety of cancers. However, TopoII drugs are plagued with the challenge of patients developing drug resistance or secondary malignancies upon drug treatment. One factor is likely the lack of specificity of the current drugs, which unselectively affect both TopoIIα and TopoIIβ. Indeed, recent studies have suggested that selective inhibition of TopoIIα would generate beneficial pharmacological effects, possibly decreasing the side effects caused by the inhibition of TopoIIβ. In this context, we performed classical molecular dynamics (MD) simulations to comparatively examine the molecular interactions of the anticancer drug etoposide in the TopoII/DNA cleavage complex, considering both TopoII isoforms. We also used smoothed potential MD simulations to investigate etoposide dissociation kinetics from the two isoform complexes. We found that etoposide is slower in leaving TopoIIα, which may explain the prolonged persistence of the TopoIIα/DNA cleavage complex formed in the presence of the drug.^[@ref59]^ We also found stabilizing interactions of etoposide with two serine residues (Ser763 and Ser800) in TopoIIα, which appear to be responsible for the delayed departure of the drug from the enzyme. Notably, these interactions are not present in TopoIIβ, where both of these serine residues are changed to an alanine. Taken together, these results provide a structural and kinetic rationale for the design of novel TopoIIα-specific drugs able to stably engage these serine residues.
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